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Abstract 
We report preliminary results of our most recent LF-μSR investigations of Mu site-and charge-state transitions in the 
Czochralski-grown Si0.09Ge0.91 alloy. The experiments reported here constitute the latest component of a large-scale 
project examining energy levels and electronic structure of Mu defect centers across the full alloy range for bulk Si1-
xGex. Prior MuSR observations in Ge-rich alloys have indicated that states originating as Mu0T undergo a cyclic 
process. The present LF muon spin depolarization measurements examining the associated dynamics show slow and 
fast cyclic processes at high and low fields, respectively. The transition from the fast to slow charge-exchange regime 
occurs near B=70mT for this sample. A temperature scan at this specific applied LF produced some compelling 
results. Trends in relaxation rates and transition energies that are strongly dependent on Ge content suggest a model 
for the various components of the observed cyclic dynamics. We discuss the processes that may be responsible for 
this observed behavior. Combined with the previous μSR data on the same sample, current results more clearly 
identifies the involved Mu species and transition dynamics among them. We will discuss Mu states and the picture of 
the dynamics for transitions among these states emerging from our most recent LF-μSR measurements. 
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1. Introduction 
Silicon and Germanium are clearly important and widely used in the semiconductor industry. Over the 
course of the past two decades, there has been increased interest in expanding the scope of possibilities of 
devices by utilizing alloys composed of various amounts of both Silicon and Germanium. Applications 
with Silicon Germanium alloys (Si1-xGex) can utilize the traditional Si fabrication methods. Across the 
entire alloy range, Si1-xGex maintains the same crystal structure and a mix of the electrical properties 
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associated with Si and Ge. Our collaboration has been using Muonium (Mu) as an experimentally 
accessible analog to hydrogen in an ongoing project focused on investigating the H/Mu defect chemistry 
in Czochralski-grown Si1-xGex alloys. Our investigation has been focused on determining the donor and 
acceptor energies, obtaining hyperfine frequencies of paramagnetic Mu species and attempting to identify 
a variety of charge-state and site-change processes that may be present throughout the full range of alloy 
concentration. 
Mu will reside in two different sites in the diamond-structured materials; the largest interstitial region 
(tetrahedral or T-site) and the bond centered location. The specific properties of these sites vary as a 
function of alloy content as a result of non-uniform distribution of each constituent atom throughout the 
bulk material. Since the bond centered site can be located between a Si-Si, Si-Ge or Ge-Ge pair of atoms, 
the differences in each of the bond characteristics become evident when observing the formed Mu atom. 
Similarly, muonium will show different signature depending upon the constituent neighbors of the T site 
it resides. It has been previously determined that T sites are energetically stable and provide acceptor 
locations for negatively charged muonium species (Mu). Mu0 is determined to be at its lower energy 
when in the bond centered site or under the condition that the energy for the bond centered site and the T-
site are comparable, Mu0 can occupy either site. Previous work has characterized a wide range of these 
alloy concentrations, see [1,2] for a more complete history.  
RF- as well as both low and high field TF–μSR measurements have been conducted on this Si0.09Ge0.91 
sample [1]. Low TF-μSR measurements were completed under a 10mT applied field. The resulting 
spectra show a signal that contains two distinctly different relaxation rates but with very similar 
precession frequencies; these are assigned to be Mu+ and Mu signals but could not be uniquely identified. 
The slowly relaxing piece is assigned to donor ionization (Mu0BC to Mu+BC + e-) with an energy of 264±36 
meV and the other is a fast relaxing piece that is claimed to likely be the product of a cyclic process that 
has a possible cycle of Mu0T to Mu0BC to MuT. RF-μSR measurements observed the ν12 spin-flip 
transition from Mu0T and show a very small contribution (assigned to be Mu[0/-]) disappears around 
T=40K with an energy of 4.5±1 meV. The low temperature resonance study indicates that there are at 
least two Mu0T sites in this Si0.09Ge0.91 sample. One of these sites has four Ge near neighbors while the 
second is likely to have one Si and three Ge near neighbors. The Mu0BC signal observed via TF-μSR is 
confirmed to be present between 10K and 55K in the RF study. 
The additional LF-μSR measurements, reported in this contribution, supplement these earlier 
measurements and aid in the identification of previously undetermined cycles and states. 
2. Experiment Details 
Longitudinal field muon spin depolarization measurements on Si0.09Ge0.91 were carried out using the 
Helios spectrometer on the M20 surface muon channel at TRIUMF in Vancouver, Canada. Field scans at 
a few select temperatures as well as a full temperature scan ranging from 3.5K to 300K at an applied 
longitudinal field of B=0.07T have been performed. The primary focus of these experiments is resolving 
the features in the lower temperature region (below 125K) where TF- and RF- measurements could only 
resolve the existence of multiple Mu0 centers. Four point probe resistivity measurements have determined 
that this sample is nominally (unintentionally) p-type with a concentration between 1014 and 1015 cm-3. 
The source of the p-type conductivity has yet to be determined. 
The sample used in this study is a single-crystal, Czochralski-grown Si0.09Ge0.91 alloy produced by 
Prof. I. Yonenaga’s group at Tohoku University Institute of Materials Research.  
3. Results and Interpretation 
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The LF-μSR measurements 
produced some rather interesting 
results. We find that throughout 
much of the temperature range there 
are at least three components present 
in each spectra; one nominally non-
relaxing piece, one with a range of 
relaxation rates that are on the order 
of 1 to 5 µs-1 and the third (and 
fastest) piece has relaxation rates that 
are anywhere from 10 to 30 µs-1. We 
fit the data using a single function 
containing 3 separate Lorentzian 
relaxing components in the time 
space domain at each temperature. 
Nearly 15 million events and 10Ps 
time window per run provided 
sufficient sensitivity to separate both 
fast and slow pieces provided we bin 
the first 1 to 2µs appropriately to 
minimize the loss of any of the faster 
portions of the signal. We have found 
that the nominally non-relaxing signal is very well separated from the faster relaxing pieces, suggesting 
that the fits performed on the slowly relaxing piece are quite reliable and independent of the ability to 
cleanly separate the two faster relaxing pieces. Figure 1 contains the resulting asymmetry for each signal 
as well as the total asymmetry. Energies have been extracted from the preliminary fits to these curves 
(Table 1) and used in conjunction with our previous TF- and RF-μSR results [1,3,4] to make appropriate 
process assignments. 
Previous work has determined that in the Ge-rich samples, the majority of the implanted muons form 
the highly diffusive Mu0T state during thermalization [1-4]. Recent work [1,4] has shown evidence of a 
shallow acceptor existing up to around 50K. Disappearance of the shallow acceptors presents itself in the 
dramatic dip in the total asymmetry between 50K and ~125K as seen in Fig.1.  
The rise and fall in asymmetry on the slowly relaxing signal between 3 and 50K can be explained by 
the initially mobile muonium (Mu0T) interacting with either neutral donors or ionized acceptors to form a 
shallow Mu acceptor and then complete a hole ionization process resulting in a final Mu state. Our 
measured energy for this ionization process is 3.5 ± 0.3 meV which is in agreement with that of 4.5 ± 1 
meV determined from the RF measurements mentioned above. It is unclear as to what the dominant 
donor or acceptor is for this process because this particular sample is non-intentionally doped and is only 
slightly p-type. The intermediate and fast signals also show a feature in this temperature range that is 
suggestive of a site change. The fastest signal grows between 3 and 45K while the intermediate signal 
grows until around 25K then decays until disappearing completely just under 50K. We suspect that the 
low temperature behavior for both signals is also explained by the initially mobile Mu0T forming a 
shallow Mu acceptor state and then transitioning into a MuT. Since two shallow Mu acceptors are 
detected below 50K, we suggest that the correlation of these signals is related to the transition between 
the shallow acceptor states; specifically a transition between the sites that have four Ge neighbors to the 
sites that have one Si and three Ge neighbors. 
The fast signal has a sharp decrease in asymmetry and corresponding rise in the relaxation rate (not 
shown) near 50K that is not correlated to changes in any other signals, which we preliminarily assign to a 
Figure 1: The temperature dependence of the asymmetry while at BLF=10mT in 
the sample. ‘Slow’, ‘intermediate’ and ‘fast’  refer to relative relaxation rates and 
are referred to as such throughout this paper. Total asymmetry, as shown, is 
calculated by summing the individual components. 
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Mu0T to Mu0BC site change. Our measured value for this transition is 101.5 ± 2.3 meV which is close to 
what we estimate this transition to be based on a rough comparison to known values in pure Ge [5] and 
Si0.23Ge0.77. As the shallow acceptor disappears completely, the Mu0T will then remain mobile. 
There is a small feature in the slowly relaxing signal that has an energy of 41.7 ± 2meV and rises 
between 90K and 120K. The origins of this feature are unknown at this time. 
The next process in the fast signal occurs near 100K growing very rapidly up to 125K where it decays 
until near 225K. The 239.7 ± 1 meV growth starting near 100K is assigned to be a cyclic process that 
starts with the mobile Mu0T and transitions between the Mu0T and Mu0BC sites until stopping at the Mu0T 
site, undergoing hole ionization, thereby going to MuT. The energy of this process can be explained by 
considering that we are detecting the full cycle of the transition and the energy is a combined measure of 
the two processes; that is both Mu0T to Mu0BC and the return Mu0BC to Mu0T where the latter transition 
requires slightly more 
energy but each are 
on the order of 100 
to 140 meV. The 
termination of this 
cycle occurs when 
Mu0T captures a hole 
thereby driving a 
site change to Mu+BC 
as a long-lived final state (Mu0T + h+ to Mu+BC). This process describes the decay of the fast signal 
(between 120-200K) which directly correlates to the growth of the slow signal; the measured energies are 
161 ± 31 meV and 158 ± 50 meV respectively.  
The intermediate signal does not reappear until near 75K where the asymmetry grows until around 
150K then slowly goes to zero as the temperature approaches 300K. We preliminarily assign the 122 ± 21 
meV process, responsible for the rise that begins just over 75K, to a Mu0BC to Mu0T site change transition. 
We believe that this transition may similar to the process described for the fast signal except, in this case, 
the cycle starts in a Mu0BC site which then cycles between Mu0BC and Mu0T until terminated by the same 
Mu0T hole capture process as previously discussed. The corresponding energy in the intermediate signal is 
153 ± 8 meV, which relates rather well to the 155 ± 11 meV found from our prior TF-μSR measurements 
of the same transition. Unfortunately, the direct comparison with the corresponding rise in the slow signal 
is not as clean. Different attempts to separate the slowly relaxing signal from the intermediate relaxing 
signal (noting the fast signal has disappeared at this point) and the background, produces a range of 
energies for the final bond centered ionization in the slow signal from 170 meV to 250 meV. 
4. Conclusions and Additional Comments 
Longitudinal field muon spin relaxation measurements have been made to aid in the identification and 
classification of cyclic processes that have been observed in the Czochralski-grown Si0.09Ge0.91 alloy. 
From a temperature scan at BLF=70mT we have observed a nominally non-relaxing signal and two faster 
relaxing signals. Our preliminary findings in conjunction with previous μSR data suggest that we have the 
observed hole ionization as well as a Mu0T to Mu0BC transition associated with the disappearance of the 
shallow acceptors (base to ~50K). We have preliminarily identified two cycles that occur at higher 
temperatures. The cycles associated with the intermediate and fast signals occurring between 75-300K 
and 100-225K, respectively, are preliminarily assigned to a cycle involving transitions between Mu0T and 
Mu0BC, ending as MuT via hole ionization. In both cases this cycle dominates until hole capture can drive 
the final state to Mu+BC from Mu0T. We preliminarily assign the difference in the onset of each of these, as 
Slow Energy (meV) Intermediate Energy (meV) Fast Energy (meV) 
Base – 10.5K 3.42 ± 0.3 Base – 25K 2.13 ± 0.28 Base – 45K 7.85 ± 1.7 
10.5 – 60K 3.46 ± 0.25 25 – 75K 17.51 ± 2.5 45 – 80K 101.5 ± 2.3 
60 – 130K 41.7 ± 2.1 75 – 160K 122 ± 21 80 – 120K 239.7 ± 1 
130 – 200K 158 ± 3   120 – 200K 161.5 ± 31.1 
200 – 300K 173 ± 50 160 – 300K 153 ± 8   
Table 1 Extracted energies for each signal as a function of the temperature range for each feature. 
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well as the energies associated with these cycles, to be due to the fast signal starting with Mu0T where the 
intermediate signal starts with Mu0BC. The intermediate process must complete a minimum of one site 
change (into Mu0T) opposed to the faster component which must complete a minimum of two in order for 
hole ionization to occur. The final steps in the slow signal are simply Mu0BC to Mu+BC as the final ionized 
BC state. 
In addition to this Si0.09Ge0.91 sample, we are in the process of analyzing additional LF data on 
Si0.06Ge0.94 and Si0.19Ge0.81. The findings for Si0.09Ge0.91 are consistent with what we are also finding with 
Si0.19Ge0.81 and Si0.06Ge0.94 as adjusted for the compositional differences. One of the overall goals of this 
project includes developing a complete picture of the transitions that occur throughout the entire alloy 
range which includes determining how the cyclic processes evolve as a function of alloy content. 
Additional data fitting and theoretical modeling are still necessary in order to ensure accurate 
assignments for the processes in Si0.09Ge0.91 but also to be extended to the rest of the Ge-rich 
compositions, as appropriate. This work will be used in conjunction with all of the previous SiGe work in 
order to develop as comprehensive as possible description of the characteristics of the Mu/H defect 
including the cyclic charge-state and site-change processes that occur and how these processes, features 
and characteristics vary as a function of alloy content. 
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